This study evaluated the composition of gastrointestinal bacterial communities in birds during an age in which their susceptibility to Salmonella is highly diminished. One of the challenges to developing probiotics is to develop an efficacious culture of minimal diversity that includes bacteria that are vital contributors to protection from pathogens, but excludes unnecessary species. This study used in vitro continuous-flow culture techniques to test the ability of mixed bacterial cultures acquired from in vivo sources, to resist colonization by a marker Salmonella enterica serovar Typhimurium, and then characterized the constituents of both biofllm and planktonic communities by biochemical, phenotypic, and molecular methods. These cultures, initiated from 14-day-old chicks, were all able to restrict colonization by Salmonella in an average of 10 days. Eighteen species of bacteria from 10 different genera were characterized. However, each culture contained a mixture of only II species, which included lactic acid bacteria. Biofllms contained less than 50% of the species found in the planktonic communities. Although not adults, the diversity of microbes within the cecal cultures from 14-day-old birds represents a community complex enough to oppose colonization by a nonindigenous bacteria in vitro. These results describe bacterial mixtures containing less diversity than in previously described avian protective cultures.
On 1 January 2006, the European Union instituted a complete ban on the use of antibiotics as growth promoters in animal feed (4) . The practice of using antimicrobial growth promoters in general is also under scrutiny in the United States (2) . Reports by the Institute of Medicine, the Council for Agricultural Science and Technology, and the Committee on Drug Use in Food Animals all recommend the reduction or elimination of the use of antimicrobials in feed (14) . Additionally, the globalization of trade in raw and processed foodstuffs introduces new risks related to the spread of foodborne pathogens, many of which are antibiotic resistant. As a major trade commodity, meat serves as a vehicle for the transmission of potentially resistant foodborne pathogens (10, 15) . Increasing consumer pressure has led some companies in the food industry to adopt a policy of no longer accepting chicken meat grown using antimicrobial growth promoters (3, 14) . The bans in Europe against antimicrobial growth promoters, and the imminent ban in the United States, have driven research and product development into alternative feed additives to reduce pathogenic microfloral colonization during production (19) .
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agement practices changed to the use of indoor confinement, producers gained better biosecurity. Unfortunately, these same changes resulted in the loss of the benefits provided to the newly hatched chicks from natural exposure to adult protective microbial communities via contact with adults and their feces (16, 35) . The use of probiotic products as a part of management practices was introduced to counteract this effect (35) . Thus, a better understanding of the microbial ecology of the poultry gastrointestinal tract (GIT) will aid poultry producers in improving management practices, increasing overall profitability, and heightening consumer safety. The continuous-flow culture system is an in vitro model used for the study of microbes in a controlled and nearly constant environment. The system allows growth conditions to be maintained for microorganisms over extended periods of time by supplying a continuous renewal of nutrients (34) . The first studies of gastrointestinal bacterial interactions with a continuous-flow chemostat began in the 1970s. The continuous-flow chemostat provides an experimental environment in which the gastrointestinal system is simulated under controlled laboratory conditions to allow investigation into the community dynamics of microflora and the development of effective competitive exclusion (CE) cultures (1], 13, 17, 18, 34, 36) . Once stabilized in the continuous-flow chemostat, the CE culture often has two components: free-floating microorganisms in the liquid medium (the planktonic component), and surface-attached, aggregated microorganisms (the biofilm component).
J. Food Prot.. Vol. 71, No. tO To understand which microbes are efficacious for the prevention of pathogen colonization, it is also important to know which are not. Therefore, it is useful to compare and contrast the GIT community structure of young birds, which are susceptible to colonization, to that of resistant birds in order to ascertain the minimal bacterial composition necessary to confer protection. Few studies have characterized the bacterial constituents of young poultry in conjunction with their protective qualities compared with the constituents of adult communities. Most effective commercial CE cultures are undefined or partially defined microbial cultures originating from the heavily populated ceca of healthy adult chickens (29, 43) . The community composition within the GIT increases in complexity with the age of the host. Although the adult domestic fowl usually offers a stable climax community with good protective capabilities from which to develop a CE culture, younger birds are also able to stave off colonization by pathogenic bacteria and inherently have fewer microbes in their GIT coinmunity. Currently, technology is not at a level for which complete identification and characterization of the components responsible for effective CE is possible. However, young birds offer a less complex culture from which to define bacterial community structure. It is advantageous, from a manufacturing and safety standpoint, to produce the least complex and most efficacious bacterial mixture for commercialization. In addition, because it is incumbent on manufacturers to accurately represent the content of products to consumers, the quality control of a less diverse culture is more manageable. For these reasons, we are interested in modeling the cecal communities from younger birds. In this study, we characterized the complexity of both the planktonic and biofIlm communities of continuous-flow cultures derived from the cecal microflora of 14-day-old chicks and evaluated the ability of these cultures to resist colonization by Salmonella.
MATERIALS AND METHODS
Chickens and cecal material collection. German Lohmann Selected Leghorn layer chicks were obtained on day of hatch from Hy-Line International, Inc. (Bryan, Tex.). The birds were housed in floor pens on pine shavings and provided with electrical heat lamps. Birds were provided water and a balanced, unmedicated, corn-soybean-based feed ration ad libitum for 14 days (Poultry Science Department, Texas A&M University, College Station). The feed ration met or exceeded nutrient levels recommended by the National Research Council. The ceca were aseptically harvested from 159 chicks and the cecal contents were combined and thoroughly mixed under sterile, anaerobic conditions as previously described (33) . The Southern Plains Agricultural Research Center Animal Care and Use Committee approved all procedures.
Chemostat culturing and sampling. Three (I, II, and III) replicate bioreactors (Bioflo 110 Fermentor/Bioreactor, New Brunswick Scientific Co., Inc.. Edison, N.J.) were initiated from aliquots of 1.2 0.12 g of the thoroughly mixed cecal contents added to 0.5 liter of Viande Levure (VL) medium (Fisher Scientific International, Inc., Hampton, N.J.) as previously described (34) . Cultures were kept under continuous-flow conditions at 39°C, a flow rate of 0.8 ml/min. and flushed with a constant stream Of 02 -free CO2 to maintain anaerobiosis. The bioreactor was monitored for pH and adjusted to maintain a stable pH 6.2 ± 0.4 for the first 48 h. Cultures were then allowed to equilibrate undisturbed for 3 weeks. Aliquots were collected for pH measurement and bacterial quantification. isolation, and characterization. The bioreactor volume turnover time was 24 h to approximate the evacuation rate of the chicken cecum (once per day) samples were taken no more than once daily to avoid any dilution affect (33) .
Bioreactor planktonic culture material was sampled, and subsets of bacterial populations were collected by growth on selective media as previously described (13) . Briefly, trypticase soy agar plates with 5% sheep blood (TS-blood agar: BVA Scientific, San Antonio. Tex.) was used for the recovery of total aerobic microbial species. Aerobic bacteria were also cultured onto MacConkey's agar (Becton Dickinson, Sparks, Md.), brilliant green agar (BGA Becton Dickinson). chromogenic Escherichia co/i/coliform agar and orientation (CHROMagar, Paris. France), rogosa agar (Becton Dickinson), and mEnterococcus agar (Becton Dickinson). Obligate and facultative anaerobes were collected with the use of BrucelIa with 5% horse blood (Brucella-blood agar; Anaerobe Systems, Morgan Hill. Calif.). bacteroides bile esculin agar (Anaerobe Systems), veillonella agar (Becton Dickinson), and phenylethyl alcohol agar (Becton Dickinson). Isolates (183) were subcultured onto fresh media to assure cultural purity. Subcultured, purified aerobes were plated onto tryptic soy agar with 5% sheep blood and incubated aerobically for 24 h at 37°C. Isolates found to be obligate anaerobes were plated on Brucella blood agar and incubated anaerobically for 48 to 72 h at 37°C. Individual isolates were identified by ribotype analysis and Analytical Profile Index (API, bioMérieux, Inc.. Durham, NC.) matching. All anaerobic isolates were tested for acrotolerance by incubation at 37°C for 24 to 48 h in a standard 5% CO 2 incubator.
The bacterial diversity within the planktonic component of all chemostats was assessed after 3 weeks of culture. After sampling for culture characterization, the culture was challenged with green fluorescent protein expressing Salmonella enterica serovar Typhimurium (ST-GFP) (22) . The challenge dose was sufficient to ensure a final chemostat concentration of 106 CFU/ml as previously described (2], 24). The presence of ST-GFP within the culture was followed by growth on selective media, enrichment in tetrathionate broth, and confirmation by fluorescence microscopy. The planktonic component was sampled for Salmonella bacterial quantification before challenge and 15 mm. 2 h, and 2, 4, 7, 9, 11. 14, 16, 18. and 21 days postehallenge. Serial dilution of culture material onto BOA plates was performed in triplicate to determine bacterial concentration. Beginning on day 4, duplicate culture samples were enriched by incubation for 24 h at 37°C in tetrathionate broth followed by plating on BOA and incubation for 24 h at 37°C to determine the presence or absence of Salmonella below the direct plating theoretical detection limit of 10 CFU/ml, as previously described (1). On day 21, after the final planktonic sample was collected and the remaining planktonic component was drained, the chemostat was flushed three times with anaerobic normal saline, and the biofllm community was collected in duplicate from each of five vessel levels within the chemostat: (i) bottom of the chemostat, (ii) lowest area of the sidewall, (iii) midway up the biofllm, (iv) under the biofllm interface ring and (v) biofllm interface ring. These levels were chosen in a effort to ensure that the biofllm communities analyzed were representative of the entire chemostat. A swab of the entire circumference of the chemostat vessel (0.5 cm wide) was collected at each of the 5 levels. After biofllm collection, swabs were immediately placed into Anaerobic Transport Medium tubes (Anaerobe Systems). One swab was used to streak plates for anaerobic isolation, the other for aerobic isolation. Anaerobic and aerobic isolation and culturing procedures followed the same scheme as described above for 158 isolates.
In addition, three chemostat cultures containing VL medium only were initiated and challenged on day 21 with ST-GFP The chemostats were sampled before challenge at 15 mm. 2 h. and 2. 4, 7, 9, 11, 14, 16. 18, and 21 days postchallenge to determine the colonization of Salmonella in modified VL medium only (controts). Serial dilution of culture material onto BGA plates was performed in triplicate to determine bacterial concentration.
Fluorescent microscopy. After isolation from the chemostat culture by selective culturing on BGA plates, the presence of challenge bacteria ST-GFP was confirmed visually with the use of a Leica DMLB fluorescent microscope equipped with a X 100 oil lens and a fluorescein isothiocyanate filter pack.
Ribotype characterization. A RiboPrinter microbial characterization system (DuPont Qualicon, Inc.. Wilmington, Del.) was used for all ribotype analyses. Isolates from the bacterial lawn were collected after an overnight culture and analyzed following manufacturers instructions with the use of lytic enzymes (DuPont Qualicon, Inc.). Briefly. DNA was cleaved by the restriction endonuclease EcoRl, and fragments were separated by gel electrophoresis and analyzed with a modified Southern hybridization blotting technique. The DNA was hybridized with a labeled rRNA operon probe derived from E. co/i, and the bands were detected by chemiluminescence. The resulting image was captured and transferred to the RiboPrinter microbial characterization system database. Data were normalized to a standard marker set (DuPont Qualicon. Inc.).
The resulting riboprint patterns were compared with the 6448 EcoRI rihoprint patterns in the DuPont database and a 900 EcoRI riboprint pattern custom in-house database (U.S. Department of Agriculture, Agricultural Research Service, College Station, Tex.). Characterization of the bacteria consisted of combining profiles with a similarity 93%, as calculated by the proprietary algorithm of the RiboPrinter. to form a dynamic ribogroup that reflected the genetic relatedness of the isolates. Ribotype identification match of <85C/ was confirmed with the use of API Staph, API 20E, API 20NE. API 21 Strep, and Rapid ID 32A (bioMérieux. Inc.) manual identification test strips.
Full ribosomal amplification, cloning, and Sanger sequencing. Isolated colonies were selected after growth overnight on tryptic soy agar plates. DNA was purified from the colony with the Qiagen DNeasy kit (Qiagen, Valencia, Calif.). The eubacterial 16S primers 27F (5'-AGA GTT TGA TCM TGG CTC AG) and 1525R (5'-AAG GAG GTG WTC CAR CC) were synthesized by Integrated DNA Technologies (Coralville, Iowa). These primers amplify roughly 1,500 bp spanning almost the entire 16S gene. A total of 100 ng of sample DNA was used for the initial 50-jjj PCR reaction. I-lotStarTaq Plus Master Mix Kit (Qiagen) was used for PCR under the followin g conditions: 94°C for 3 min followed by 35 cycles at 94°C for 30 s, 52°C for 40 s, and 72°C for 2 mm. A final elongation step at 72°C for 10 min was also included. The amplified fragments were subcloned into the pGEM-T Easy Vector (Promega, Madison, Wisc.) and transformed into a competent E. co/i K-12 strain. After blue/white screening with standard methods, plasinid DNA was extracted with the use of a QtAprep Spin Miniprep Kit (Qiagen). Bidirectional sequencing with T7 and SP6 primers was performed on an ABI-prism 9100 sequencer (Applied Biosystems, Foster City, Calif.) following manufacturer's instructions. 
Number of cultures that contained the isolate/number of cultures. ' LAB, lactic acid bacteria.
RESULTS
Analysis of restriction enzyme cleavage of DNA from each isolate to develop a ribopattern was used to determine the bacterial genera and species. This system is capable of resolving fragments ranging in size from I to 50 kb. The cecum-derived cultures yielded 18 species from 10 genera (Table 1 ). The compilation of planktonic communities contained IS species, whereas the bioflirn communities contained only II species. Eight of the species were isolated in both the planktonic and biofllm communities. Bifidohacterium adolescenti,s, Clostridium clostridiliforme. Clostriciium ramosum, Enterococcus faeciuin, Genie/la morbilloruin, Peptostreprococcus asaccharolvticus, and Bacteroides ureolvticus were exclusive to the planktonic communities. Staphylococcus lugdunensis and warneri and Clostridium harati were exclusive to the biofllm communities. Grampositive bacteria predominated in both biofIlni and planktonic communities.
Individual cultures comprised I I species. The characterization of the planktonic component of the three cultures is shown in Table 2 . Cultures A, B. and C contained nine, eight, and eight species, respectively, and demonstrated few differences in diversity. The characterization of the biofllm component of the three cultures yielded five, eight, and seven species, respectively ( Table 3 ). E. friecium and Staph vlococcus epidermidis were found in all planktonic cultures. Enrerococcus ftiecalis, E. CO/i, and S. epidet-midis were found in all biofllm cultures. S. epidermidis was the only species found in both the planktonic and biofilm components of all three cultures. More lactic acid-producing bacteria were recovered from planktonic communities than biofilm communities. Most bacteria in the hiofllm were found J. Food Prot., Vol. 71, No. 10 J adhering throughout the vessel; however, Bifidobacterium sp. was located only sporadically, midway up the vessel sidewall and at the culture interface, ST-GFP was used to challenge chemostats containing modified VL media only (control) and cecal material (Table  4) . No other Salmonella, except ST-GFR were found in the cultures. ST-GFP rapidly colonized the control chemostats containing media only. The cultures obtained a concentration greater than 10 CFU/ml ST-GFP within 2 days and maintained that concentration for 21 days postinoculation. Upon challenge of chemostats with established cecal cornmunities, ST-GFP concentrations quickly dropped over the first 7 days, then continued to drop more slowly over the next week. ST-GFP was not recovered from chemostats A. B. and C after days 14, 11, and 7, respectively. All cultures then remained negative through day 21.
DISCUSSION
Numerous reports detailing the planktonic microbial communities characterized in competitive exclusion cultures from the ceca of adult chickens exist in the literature (7, 23, 33, 43, 47) . However, the role of the biofllm communities in the development and maintenance of competitive exclusion cultures needs to be examined in relation to product efficacy. Biofilms can be a source of long-term contamination by both Salmonella and Campvlobacrer jejuni (26, 44) . Additionally, biofllms are implicated as a factor that enhances the resistance and virulence of Salmonella (26, 27, 32) . Zhao et al. (48) found that certain bioflims were highly inhibitory to Listeria monocvtogenes. Further work suggests that biofilms are an important strategy of microbial survival in both natural and engineered environments and that they might have a fundamental role in the development and enhancement of bacterial resistance within agricultural environments (8, 25) . This study examines bacterial communities derived from the ceca of chickens and characterizes the planktonic communities in combination with the bioflim communities. Salmonella, introduced after 3 weeks of community formation within the chemostat, was unable to colonize the established bioflim within these cultures. It is recognized that the cecal microflora can be significantly influenced by environmental factors, therefore the data presented here should be regarded as casespecific.
It should also be noted that the very nature of the richly diverse microbial constituents of the GIT makes consistent sampling problematic. Regardless of the sampling approach, when dealing with bacterial communities, the re- 0.00 ± 0.0 a All cultures were challenged with 106 CFU/ml ST-GFP b The average ± standard deviation of three independent control cultures.
The results of overnight enrichment of a planktonic sample of each culture in tetrathionate broth JET).
constitution of the gastrointestinal environment is not only limited by the difficulty of comprehensively harvesting all species, but by our present technological inability to artificially culture all bacterial species. In addition, the collection and enumeration of any individual organism from an in vitro culture vessel almost certainly results in a misrepresentation of its true frequency in the population unless the entire vessel is sampled. The detection of a minor species is problematic in that, if the number of individual bacteria, such as the challenge ST-GFP bacteria, is below a threshold level, sampling it does not provide sufficient evidence to prove that a species is absent, only that it was not detected. The three cultures in this study were started from a single source of combined cecal material. Each culture contained 11 different bacterial species. Unlike Bradshaw et al. (9) , our results demonstrated that the composition of biofilm in these systems was not a direct reflection of the surrounding planktonic community. The number of bacterial species in the biofllm communities tended to be fewer than in the planktonic communities. The resulting planktonic communities were quite variable. Only 13% of the bacteria were common to all planktonic communities. In contrast, the biofilm communities demonstrated slightly more uniformity and contained 27% in common. Totals of 27, 45, and 36% of the bacteria found in the planktonic community were also contained in the biofllm community of cultures A, B, and C, respectively. S. epidermidis was the only species common to both planktonic and biofllm communities in all cultures. Many species appeared to segregate into either the biofilm or planktonic community. Evidently, adjustments in population density, diversity, and adhesion that occur during the culturing period play a part in this observation. The long residence time in rich media could have preferentially supported fast growers in suspension and slow growers in the bioflims.
Early studies demonstrated the increased susceptibility of young birds to Salmonella infection, particularly in the first week of life, and that Salmonella Typhimurium infections can be lethal during the neonatal period (39, 42) . The factors affecting this susceptibility are many and are strongly influenced by the status of bacterial colonization in the GIT (37) . The gastrointestinal ecosystem contains habitat for microbe colonization that, until hatch, is relatively sterile. After hatch, chicks pick up a variety of microbial inhabitants derived from their surroundings (30) . There is then a succession of colonization until all habitats within the GIT are occupied by climax communities (41) . The colonization process is influenced by diet and environment and by changes exerted by the make-up of the colonizers themselves. Many nonindigenous microbes, including some pathogenic bacteria, are transitory when introduced into a healthy, well-functioning gut in which the available niches are occupied by climax communities of indigenous microbes. Adult birds generally have a complex GIT community structure better able to fend off enteropathogen colonization, whereas neonate chicks lack this community sophistication and are more susceptible to infection. In this study, we evaluated the composition of a culture initiated from the ceca of 14-day-old chicks and the success of colonization by Salmonella. Milner and Shaffer (31) demonstrated a decrease in susceptibility of chicks after oral challenge with Salmonella Typhimurium, as they aged from 1 day to 7 days. Later, Sadler et al. (39) also reported a correlation between the age of the bird and its ability to resist infection by Salmonella. In their study, all 2-day-old chicks were susceptible to infection by Salmonella Typhimurium when challenged with 102 organisms. Susceptibility to infection diminished with increasing age of the birds up to 8 weeks. At 2 weeks of age, when challenged with 10 organisms, 75% of the birds resisted infection. Our study demonstrated the ability of the in vitro cultured community of cecal bacterial from 14-day-old birds to resist Salmonella colonization. Our cultures contained fewer mi-crobial species compared with cultures initiated from older birds (6, 13, 40) . Nevertheless, all of the cultures were able to resist colonization by Salmonella in vitro. After challenge, it took an average of 10 days to clear the invading Salmonella from the culture.
The diversity and complexity of a community of indigenous bacteria is known to increase with the age of the birds (5, 6, 30) . The complex community found in most adult birds presents a formidable barrier to colonization by new bacteria. To colonize, an invading bacteria must outcompete existing bacteria or establish a foothold in a habitat not yet occupied or in one vacated by indigenous inhabitants after some perturbation. The diversity of the community within the in vitro cecal cultures produced from these young birds proved complex enough to resist new colonizers. In concurrence with previously reported studies, our cultures from 14-day-old birds contained lactic acidproducing bacterial species (28, 30) . In a study by Lu et al. (28) , Lactobacillaceae and Enterococcaceae represented 25, 7, and 9% of the total 16S rDNA sequences from the DNA library created from the ceca of birds of 3, 7, and 14 days of age. In our study, lactic acid-producing bacteria comprised one-third of the total number of species found. Researchers have shown that volatile fatty acids produced by lactic and propionic acid bacteria within the ceca of chickens is one of the mechanisms by which intestinal microflora reduce or eliminate Salmonella (13, 45. 46) . These metabolic end products of bacterial growth tend to lower intestinal pH, creating conditions less favorable for bacteria such as Salmonella.
In addition to lactic acid-producing bacteria of the Enrerococcus and Pediococcus genera, two BUidohacterium and one Geniella species were isolated in the cultures from 14-day-old birds, which were not present in the cultures from 1-and 7-day-old birds. Bifidobacteria are early inhabitants of the large intestine and once established, their populations remain relatively stable until advanced age. They have regulatory effects on the growth of other colonic inhabitants including invasive pathogens (20) . The mechanisms of the inhibitory effects are suggested to be the fermentative production of acids, such as acetate and lactate and the excretion of antimicrobial substances with activity against Salmonella and other bacteria (20) . Additionally, Condon and Cogan (12) demonstrated that lactic acid bacteria stimulate propionic acid bacteria. First, the lactic acid bacteria produce lactate, which propionic acid bacteria convert to propionic acid and acetic acid. Second, lactic acid bacteria produce peptides that directly stimulate propionic acid production in bacteria. This would result in an increase in total volatile fatty acids within the ceca, thus providing higher levels of protection against Salmonella.
The economic impact on animal health and subsequent human illness from foodborne pathogens in processed foodstuffs can be substantial (38) . CE is one method used to control both the spread of pathogenic organisms and of antimicrobial resistance within food animal production environments. The mix of bacteria used is often based on material originally characterized from healthy adult animals. In the case of poultry, neonatal animals have susceptibility to Salmonella and that susceptibility decreases as the chick matures. We analyzed the composition and ability to resist Salmonella colonization of cecal bacterial communities from 14-day-old chicks. The likelihood of acquiring an infection at 2 weeks of age in poultry is low and represents a transition point for protection from colonization by Salmonella. The cultures initiated from 14-day-old chicks were all able to restrict colonization by Salmonella in vitro, indicating that the combination of microbes in these cultures represent a community complex enough to oppose colonization. After challenge, it took an average of 10 days to clear the Salmonella from the culture. Eighteen species of bacteria from 10 different genera were found within the cultures, including the lactic acid-producing bacteria from the Bifidobacterium, Enterococcus, Gemella, and Pediococcu.c genera. The biofllm communities contained less than 50% of the species found in the planktonic communities. One of the challenges in probiotic development is to ascertain an efficacious culture of minimal diversity that includes only bacteria vital to protection from pathogens and excludes unnecessary species. Although having fewer community components than an adult GIT microflora community, the diversity of microbes within the in vitro cecal cultures from 14-day-old birds represented a mixture complex enough to oppose nonindigenous colonization in vitro. Further research is required to test the efficacy of these components in vivo.
